Background: Optimizing endothelialization of medical implants requires deep mechanistic insight into cellular adhesion, cell junction and physiological basement membrane development at the endothelial cell-to-scaffold substrate interface.
Introduction
Vitalization of cardiovascular implants is outstandingly demanding. Conventional tissue engineering concepts show obvious limitations regarding complexity, cost and time expenditure, contamination risks and limited adaptivity to individual characteristics. Particularly important, we are still far apart from understanding ideal physiological autologous cellularisation and controlling the biocompatibility of medical implants. Superficial endothelialization of biografts can at least improve their thrombogenicity and long-term results [1, 2] . However, nonphysiological endothelialization of cardiovascular grafts led to disappointing results of existing prostheses over more than a decade [3] . Biological substrates, bioprosthetic valves and graft surface coating strategies influence immune response, protein production, cell adhesion, spreading and proliferation [4] [5] [6] [7] . Similarly, the cell-to-scaffold interface is crucial for artificial grafts influencing cellular activity and fate [8, 9] .
Herein, we introduced a multi-adjustable standardized cell seeding concept enabling detailed analyses at the endothelial cell-to-scaffold interface of artificial poly-L-lactic acid, polyamide-6 and biological SynerGraft ® substrates. Analyses were conducted at the laboratory bench focusing optimized substrate biofunctionalization through laminin 1 and short-term preconditionings that in principle could be adapted to table-side proceedings in the surgical theatre.
Results

Quality control and structural superiority of EC-Fib
In our set-up CO 2 gas pressure of 2 bar revealed the best spray quality (grade: 1.8±0.4, Figure 1B ) with homogenous distribution, accurate delivery and acceptable HUVEC survival in EC-Fib (87.3±5.1%) at 2 h after processing. Noteworthy, 3 bar gas pressure resulted in significantly reduced HUVEC survival in EC-Fib (p < 0.05, Figure 1C ).
HUVECs were found spindle-shaped and partially branching within both cell-plus-fibrin composites of EC-Fib and EC-PRF from day 3 until day 14 after processing. Longitudinal analyses in EC-Fib revealed structural integrity remained intact and there was nearly no gas inclusion detectable throughout the follow-up period. In EC-PRF the structure became obviously deteriorated over time and we illustrated initial ubiquitary occurrence of gas inclusions. However, in EC-PRF complete cellularisation was achieved apparently earlier compared with EC-Fib (Figure 2A-D) . Concordantly, cell density in EC-PRF was ® spray pen and standardization of the spray product. A, The three-channel Maslanka ® spray pen with connectors for liquid fibrinogen (red) and the activating reagent (including HUVECs, blue) and gas (arrow). B-C, CO 2 gas pressure of 2 bar revealed the best spray quality (B) and adequate HUVEC survival in EC-Fib (C). *p < 0.05. Mean±standard error of the mean.
3.3-fold greater (p < 0.001) and grade of HUVEC invasion in PRF was clearly higher (p < 0.001) compared with EC-Fib at 14 days and fibrin hydrogel at 7 days after processing, respectively (Figure 2E-F).
Short-term preconditioning for improved SynerGraft ® recellularization by EC-Fib
Fourteen days after sprayed cell seeding with EC-Fib intimal HUVEC-mediated recellularization of untreated SynerGraft ® tissues is extremely limited. We demonstrate obvious improvements in endothelial recellularization of applied tissues following short-term preconditioning procedures ( Figure 3 , Table 1 ). Although complete intimal endothelialization was not achieved, we illustrate the most prominent advance after shortterm chemical preconditioning with acetic acid (0.2 M, at least 30 min). However, subsequent collagenase treatment seemed to have no further supportive effect on endothelialization.
Laminin 1 accelerates endothelial cell adhesion
Laminin 1 (4 μg/mL) coating of well plates illustrated a moderately enhanced progress of HUVEC adhesion during A-D, Cell shape (A), structural integrity (B), gas inclusion (C) and grade of cellularization (D) were longitudinally analyzed during 14 days of cultivation and showed favorable results for EC-Fib. E-F, Cell density (E) and grade of HUVEC invasion (F) analyses in cross sections depicted clearly different cellular activity inside cell-plusfibrin composites. *p < 0.05. Mean±standard error of the mean.
60 min of dynamic cultivation ( Figure 4A ). Firm HUVEC adhesion on laminin 1-coated wells (4 μg/mL) was significantly improved by 5.6-fold and at least 2.5-fold compared with uncovered wells and other laminin 1 coating concentrations after 90 min, respectively (all p < 0.001, Figure 4B ).
Endothelialization reduces tissue stiffness of PA-6 substrates
Stress-strain curves of acellular PA-6 substrates demonstrated sufficient uniaxial force development ( = uniaxial stress/stiffness/strength) with increasing tensile strain comparable with the aortic and pulmonary valve cusp. Applied acellular PLLA substrates extensively and irreversibly elongated at elevated strain levels ( > 20%) without gaining adequate tensile stress. Noteworthy, stress-strain curves confirmed higher uniaxial stiffness of pulmonary valve cusps compared with aortic valve cusps as previously described [10] ( Figure 5A ).
After 14 days of in-vitro cultivation, stress-strain curves of endothelialized PA-6 and PLLA substrates showed moderate reduction of uniaxial stiffness compared with their respective acellular probes. The combination of laminin biofunctionalization and endothelialization in L-PA-6 probes further reduced uniaxial stiffness compared with acellular PA-6 and endothelialized PA-6 specimens. Moreover, endothelialized L-PA-6 still illustrated increasing tensile stress at elevated tensile strains ( > 20%) compared with PLLA probes ( Figure 5B-C).
Endothelial lining, basement membrane and cell junction development depend on polymer substrate type and biofunctionalization SEM confirmed random fiber alignment and revealed fiber thicknesses between 400 and 700 nm for PLLA and between 200 and 300 nm for PA-6 ( Figure 6A-B) . Immunostaining images documented homogenous distribution of adsorbent laminin 1 that covered L-PA-6 substrates forming an approximately 5 μm thick adherent surface coating ( Figure 6C ). At 24 h after sprayed cell seeding SEM showed all polymer tissue equivalents were completely covered. However, surface structure was different with an evenly smooth surface on coated PA-6 (equal to L-PA-6, data not shown) and a rougher surface on PLLA substrates ( Figure 6D -E). At 14 day after cell seeding SEM still illustrated complete coverage of all tissue equivalents.
In particular, cell coating on PA-6 and L-PA-6 developed completely cobblestone-like whereas on PLLA substrates cobblestone-like shape was incomplete ( Figure 6F-H 2 ) and apparent endothelial single-cell layers completely covering the engineered polymer tissue equivalents ( Figure 6I-K) . We did not see HUVEC infiltration resulting from desired low pore sizes ( < 3 nm, data not shown) of polymer substrates. Basement membrane proteins laminin 1/2, integrin β1 and collagen IV were particularly found at the interface between endothelial cells and polymer substrates. Protein orientation was predominately linear in cross sections comparable with aortic and pulmonary valve cusps. However, basement membrane organisation seemed immature like an incomplete interface layer with frequent protein accumulations. Furthermore, fibronectin deposition was found throughout the polymer substrates in cross sections which was clearly different from native controls. Noteworthy, biofunctionalized L-PA-6 substrates showed moderately increased expression of basement membrane proteins Laminin 1/2, integrin β1 and collagen IV compared with PA-6 substrates ( Figure 7A-E) . PCR analyses revealed active expression of basement membrane genes laminin α1, integrin β1, collagen IVα1 and fibronectin 1 on all polymer substrates. Respective gene expressions in HUVEC on L-PA-6 tended to be greater than in HUVEC on PA-6 ( Figure 8A ). Importantly, the human "Cell Junction Pathway Finder" PCR array uncovered an increased number and different pattern of substantially expressed genes on PLLA (37 out of 84 genes) compared with similar numbers and patterns on PA-6 (23 out of 84 genes) and L-PA-6 (25 out of 84 genes) substrates. Highly interesting, desmosomal genes were expressed substantially on PLLA (5 out of 9 genes) which was not found on PA-6 and L-PA-6. On L-PA-6 we detected additional substantial expression for focal adhesion gene integrin α1 and adherens junctions gene cadherin-2 compared with PA-6 substrates ( Figure 8B , Supplemental Figure S ). Intimal HUVEC-mediated recellularization of decellularized SynerGraft ® tissues was improved 14 days after EC-Fib sprayed-cell seeding by physical dry-freezing (±lyoprotectant sucrose 5%) as well as with chemical techniques using combined sodium desoxycholate and Triton-X, isolated acetic acid or combined acetic acid and collagenase preconditioning. Values are represented as Mean±SD; n.p., means not performed. 
Discussion
For biologization of medical implants through direct sprayed cell seeding the Vivostat ® Co-Delivery system is outstandingly feasible with excellent efficiency, autologous and table-side processing as previously described [11, 12] . However, in the cardiovascular field the occurrence of gas inclusions and a limited composite integrity raise causes for concern when it comes to intravascular applications. Besides, we reported restrictions in the A-E, Representative immunostaining images. Basement membrane protein expression and organization were studied for laminin 1/2, integrin β1, collagen IV and fibronectin in positive controls from aortic valves (AV, row A) and pulmonary valves (PV, row B). Laminin 1/2, integrin β1 and collagen IV were particularly found at the interface between endothelial cells and polymer substrates PLLA (row C), PA-6 (row D), and L-PA-6 (row E, with more intense protein expression). Protein orientation on endothelialized artificial substrates was predominately linear in cross sections comparable with aortic and pulmonary valve cusps. However, basement membrane organization seemed immature with frequent protein accumulations and irregular fibronectin depositions. Scale bar 50 μm.
applicable maximum cell density that could be important for direct cell seeding concepts [12] . The Maslanka ® spray pen offers apparent practical advantages for sprayed cell seeding concepts in basic research. It is recyclable through autoclavation. The spray process is multi-adjustable for gas type, gas pressure as well as for maximal cell densities (all components of EC-Fib occupy pH 7), various cell types and other possible supplements (e.g. hormones).
The unique design of the Maslanka ® spray pen obviously enables excellent spray quality and early HUVEC survival after spray administration at a relatively high gas pressure of 2 bar and CO 2 flow rates of 4 L/min, whereas higher gas pressures might reduce cell viability through mechanical stress overload [13] [14] [15] . Longitudinal analyses confirmed that the structural integrity of the applied fibrin hydrogel in EC-Fib was preserved throughout the entire endothelial cellularization process. However, HUVEC proliferation and invasion capacities were apparently increased in EC-PRF which most probably resulted from higher growth factor concentrations in PRF compared with the applied fibrin hydrogel [16] .
Acellular biografts seem almost optimal scaffolds for cardiovascular tissue engineering [17] [18] [19] . However, physiological recellularization of implants depend from decellularization protocols and is often highly limited [20] . In our experiment, we chose the cryopreserved decellularized SynerGraft ® (CryoLife Inc.) prosthesis that on the one hand had demonstrated a highly preserved extracellular matrix structure but on the other hand revealed immunogenicity and extremely low recellularization capacity in-vitro and in-vivo [1, 11, [21] [22] [23] . Detergent-mediated decellularized valves might be more engraftable while also maintaining adequate hemodynamic performance [24, 25] . Although mid-term hemodynamic performance of implanted allografts seems already adequate, rising evidence suggests that at least a superficial endothelialization of acellular valves is required for improving their thrombogenicity and long-term results [1, 2] . In pre-examinations we observed improved endothelial cell adhesion on SynerGraft ® prosthesis at the sites of structural tissue damage, suggesting that a highly preserved extracellular matrix might hide cell-matrix binding sites interfering with an adequate endothelialization (data not shown). Although complete endothelialization was not achieved, our results demonstrate for the first time clear improvements in intimal endothelial recellularization of the SynerGraft ® prosthesis following physical and chemical short-term preconditioning procedures. Particularly important, we provide first evidence that a period of 30 min preconditioning with acetic acid (0.2 M) can dramatically enhance intimal endothelial cell adhesion which could be easily adapted to clinical scenarios. However, the use of valvular endothelial cells instead of HUVEC might have been a better alternative because differences in phenotypes and microenvironmental signaling have been described [26] .
Physiological endothelialization, basement membrane and cell junction development on artificial scaffolds are highly challenging tasks from both the conceptional side as well as from the analytic side. Herein, we illustrate complete initial cell coverage and complete endothelialization through direct sprayed cell-plus-fibrin seeding on PLLA and PA-6 substrates. Both substrates develop at least in part a cobblestone-like endothelialization during in-vitro cultivation detected by SEM. Immunohistologic analyses of cross sections from vitalized polymer substrates are technically highly demanding. Herein, we can demonstrate at least in part physiological but immature basement membrane organization with predominately linear protein orientations for laminin 1/2, integrin β1 and collagen IV comparable with native controls from aortic and pulmonary valves. However, non-physiologic protein accumulations and irregular fibronectin depositions were detected emphasizing the need for an improved comprehension of underlying mechanisms as well as for optimizing the endothelialization process.
Laminin 1 is a trimeric glycoprotein composed of 3 chains (α1β1γ1) and essential for basement membrane assembly [27] . Ponce et al. illustrate endothelial specific binding sites on the laminin 1γ1 chain, responsible for endothelial sprouting and adhesion [28] . Our results reveal a strong adhesion dynamic of HUVECs towards adsorbently bound laminin 1 on plastic that was dependent from laminin 1 concentration. Adsorbent laminin 1 biofunctionalization of PA-6 substrates resulted in complete cobblestone-like endothelialization with predominately linear orientation of basement membrane proteins (except for fibronectin) and with slightly increased gene and protein expressions of analyzed basement membrane and cell junction molecules compared with the pure PA-6 substrates. However, basement membrane organization remained immature on L-PA-6 substrates.
Today, substrate-dependent differences in cellularization and especially in endothelialization have not yet been satisfactorily elucidated. Numerous studies point out that the cell-to-scaffold interface is crucial for graft thrombogenicity and vascular healing [8] . Micro and macro architecture seem to play a decisive role for dynamics, cell proliferation, infiltration, development and secretome during cellularization [9, 29, 30] . Recent reports illustrate that different polymer substrate materials specifically influence cell viability, adhesion and proliferation during endothelialization. Chemical substrate-dependent factors might be particularly important whereas cellularization mechanisms seem in addition cell specific [31] [32] [33] . Gregorius and Rand first described endothelialization for polyamide sutures at anastomotic sites [34] . More recently, strategies for improving neointimal development and in-vivo patency in polyamide vascular grafts have been illustrated [35] . Hietala et al.
primarily introduced a copolymeric polylactide stent as a promising vessel substitute [36] . Modern advances demonstrated optimized endothelial cell adhesion on polylactide substrates employing plasma surface activation with functional -NH 2 , -COOH groups and site-selective surface biofunctionalization with anti-CD34 antibodies [37, 38] . Our results provide further evidence for substratedependent endothelialization mechanisms with clearly different gene induction profiles for cellular junctions, an increased total number of induced genes and exclusive desmosomal gene expression in HUVEC on unmodified PLLA compared with PA-6 and L-PA-6 substrates. We can speculate that altering hydrophobic character of PLLA compared with PA-6 as well as differences in surface functional groups might at least in part be explanatory. New imaging technologies (e.g. live cell imaging) seem mandatory for a better understanding of substrate-dependent cardiovascular tissue-engineering [39] . Further studies are warranted.
Optimizing the basement membrane development and organization specifically for artificial substrates might overcome the well-known disappointing results of existing prosthetic cardiovascular grafts [3] . Hallmann et al. pointed at the two laminin 8 (α4β1γ1) and laminin 10 (α5β1γ1) isoforms representing the exclusive isoforms in the vascular endothelial basement membrane. Their expressions are regionally different and strongly regulated by developmental state, cytokines, growth factors and inflammatory events [40] . The laminin α4 and α5 chains are the main functional components of vascular laminins. At the C terminus of laminin α4 and α5 chains two G domain peptides ( = specific interaction sites) were identified that promote cell attachment with integrin α6β1 ( = laminin receptor) on, e.g. endothelial cells [41, 42] . Other groups have demonstrated that covalently bound laminin-derived peptide sequences could improve stem cell attachment to engineered polymer scaffolds [43] . Astonishingly, porous PTFE vascular grafts coated with covalently bound laminin 1 showed improved neovascularization and endothelialization in-vivo reducing the graft's thrombogenicity [44] . Therefore, covalent binding of vascular specific laminins (laminin 8 or 10) or specific α4 and α5 chain G domain peptides to polymer scaffolds might further enhance the endothelialization process on cardiovascular implants.
There is a clear limitation that the manuscript lacks in-vitro dynamic and in-vivo experiments contributing to the understanding of physiological endothelialization of functional cardiovascular implants. Quite the contrary, the manuscripts highlights the incomplete basic knowledge regarding the mechanisms in cellular adhesion, cell junction and physiological basement membrane development at the endothelial cell-to-scaffold substrate interface. The direct sprayed cell seeding concept represents a technology that in principle could be adapted from high throughput analyses on biological and artificial substrates at the laboratory bench to table-side proceedings in the surgical theatre. In our study physical characteristics of PA-6 most likely demonstrated appropriateness for cardiovascular tissue engineering concepts whereas applied PLLA substrates failed. Therefore, applied PLLA substrates primary served as an internal control during analyses and secondary surface modifications have not been performed. However, none of the herein applied pure or endothelialized polymer substrates occupied a native-like near exponential graph shape in uniaxial tensile strength tests which we think is a clear must-have for valvular and vascular graft substrates proving their resistance against deformation [45] . In addition, heart valves particularly must manage regionally different load conditions and their homeostasis is actively regulated during performance complicating their manufacture [46] [47] [48] . We illustrated that endothelialization reduced substrate stiffness which was most prominent in endothelialized L-PA-6 tissue equivalents. Flanagan and Liu outlined the importance of a physiological three-dimensional cell-matrix organization in functional healthy heart valves and emphasized the critical role of valvular interstitial cells for tissue homeostasis and physiological adaptation to microenvironmental changes [49, 50] . The in-vitro creation of vital heart valve substitutes that perform long-term native-like in-vivo is obviously challenging. Fibrin hydrogel revealed to be an excellent biomatrix for angiogenesis and three-dimensional tissue engineering of implantable valve grafts [51, 52] . The group of Dijkman et al. enabled the in-vitro production of an implantable decellularized valve graft using biodegradable synthetic materials and autologous cells as starter matrix overcoming the problem of a strong foreign body reaction (post implantation) and rapid valve shrinkage leading to valvular regurgitation [53] . Another promising alternative might be the in-body tissue engineered valve introduced by the Nakayama group [54] . Their long-term functional performance has to be further investigated.
In conclusion, standardized direct sprayed endothelial cell seeding using the Maslanka ® spray pen enabled detailed analyses of cellular adhesion, cell junction and basement membrane development at the cell-to-substrate interface. Short-term acetic acid treatment dramatically improved endothelialization of SynerGraft ® bioprosthesis. Laminin 1 biofunctionalization slightly improved endothelialization process on artificial PA-6 substrates that showed at least in part physiological organization of the basement membrane. However, microenvironmental development remained immature and seemed highly substrate dependent.
Materials and methods
The study conforms to the Declaration of Helsinki and human biomaterials were taken after informed written consent. Protocols were reviewed and approved by the local ethical committee.
Cell isolation
Human umbilical cord vein endothelial cells (HUVECs) were isolated from human umbilical cords harvested from healthy mothers directly postpartum as previously described [55] . Thereafter, HUVECs were cultivated in endothelial growth medium (EGM-2; Lonza, USA) at 37°C in a humidified atmosphere containing 5% CO 2 . For passaging, HUVECs were harvested using trypsin and subsequently replated at a density of 6 × 10 3 cells/cm 2 . Medium was changed every second day. Pooled HUVECs from passage three to five were kept in phosphatebuffered saline (PBS, University of Rostock, Germany) at pH 7.0 for < 10 min prior to experiments.
Sprayed cell seeding using human fibrin hydrogel and human platelet rich fibrin
All components of the human fibrin hydrogel were provided by RWTH Aachen University following isolation as previously described [56] . For experiments, the three-channel Maslanka ® spray pen was employed enabling simultaneous spray application of liquid fibrinogen (10 mg/mL, pH 7.0) and an activating reagent (containing CaCl 2, Tris-buffered saline and bovine thrombin, pH 7.0) at adjustable gas type and pressure ( Figure 1A) . In our sprayed cell seeding set-up, HUVECs were added to the activating reagent and CO 2 was chosen in order to advance translation of our table-side tissue-engineering (TE) concept for cardio-vascular implants [11, 12] . The endothelial cell-plus-fibrin composite was defined as EC-Fib.
Human platelet rich fibrin (PRF) was isolated from remaining patient blood from cardio-pulmonary bypass system after cardiac surgery using the Vivostat ® Co-Delivery system (Vivostat A/S, Denmark) as previously described [11] . For experiments, the three-channel spray pen was employed that uses filtered room air enabling simultaneous spray application of inactive liquid PRF (4 mL, pH 4.0), an activating solution (pH 10.0, 1 mL) and a defined HUVEC solution (1 mL). The endothelial cell-plus-fibrin composite was defined as EC-PRF.
Experimental design
Primarily, for standardization of EC-Fib the direct spray quality and early HUVEC survival was analyzed depending on applied gas pressure during sprayed cell seeding. Thereafter, EC-Fib quality was longitudinally analyzed and compared with EC-PRF regarding cellular and composite characteristics during static conditioning. Initial HUVEC density was set to 1 × 10 6 cells per mL sprayed cell-plus-fibrin composite.
Secondarily, standardized EC-Fib was utilized for analyzing endothelial cellularization of (1st) decellularized SynerGraft ® (CryoLife Inc., USA) pulmonary artery tissues after short-term physical or chemical preconditioning, and (2nd) two types of electro-spun (e-spun) polymer tissue equivalents with superficial adsorbent laminin biofunctionalization on polyamid-6 (PA-6). Initial HUVEC density was set to 4 × 10 6 cells per mL sprayed cell-plus-fibrin composite or 2 × 10 5 cells per cm 2 surface area of engineered substrates. Substrates were spray coated on both surfaces and conditioned in 24-well plates for 14 days. All preconditioning procedures and laminin biofunctionalization were controlled against non-pretreated substrates.
During in-vitro static experiments with fibrin-based composites EGM-2 medium was supplemented with tranexamic acid (50 μg/mL), added as supernatant on specimens in well plates and changed every second day.
Quality control of EC-Fib compared with EC-PRF
For initial assessments of spray quality and HUVEC survival, EC-Fib was spray-administered at a 48-well plate (250 μL composite per well) with defined CO 2 pressures of 1, 2 or 3 bar (n = 3 wells per pressure). Spray quality was directly classified as 0 -no spray, 1 -homogenous distribution or 2 -homogenous distribution and accurate delivery. HUVEC survival in cell-plus-fibrin composites was analyzed evaluating Evans Blue (Sigma-Aldrich, USA) up-take under light microscopy in 5 high-power fields per well (HPFs, 200-fold magnification, Carl Zeiss Axiovert 40 CFL, Carl Zeiss, Germany) at 2 h after sprayed cell seeding.
After initial quality assessments, EC-Fib (at 2 bar CO 2 pressure) or EC-PRF were spray administered at a 48 well-plate (200 μL composite per well, n = 6 wells per composite type). Cell shape (classified as 4 -cobblestone, 3 -branching, 2 -spindle, 1 -round, 0 -detritus), structural integrity (classified as 2 -intact, 1 -structural breaks, 0 -destructed), gas inclusion (occurrence classified as 2 -ubiquitary, 1 -occasional, 0 -none) and grade of cellularization (classified as 3 -complete cellularization, 2 -cell clusters, 1 -single cell, 0 -no cells) were analyzed longitudinally during daily direct visualization using light microscopy (100-fold magnification, Carl Zeiss Axiovert 40 CFL) starting from day 3 until the end of experiment at 14 days. Thereafter, composites were removed from wells and separately snap-frozen in liquid nitrogen. Cell density was evaluated in transverse composite sections (20 μm thickness) after counterstaining with 4′-6-Diamidino-2-phenylindole (DAPI, Molecular Probes, Karlsruhe, Germany) using fluorescence microscopy in 5 HPFs per composite/well (400-fold magnification Leica DMLB; Leica Microsystems GmbH, Germany).
For the analysis of HUVEC invasion, fibrin hydrogel or PRF were primarily spray administered without cells at a 96 well plate (200 μL per well, n = 6 wells per fibrin type). Secondarily, HUVECs (2 × 10 5 cells) in 200 μL EGM-2 medium were added as supernatant allowing superficial attachment of cells to the fibrin. After 7 days of continuous cultivation, fibrin substrates were removed from wells and separately snap-frozen in liquid nitrogen. HUVEC invasion was graduated in longitudinal composite sections (20 μm thickness) after counterstaining with DAPI) using fluorescence microscopy in 5 HPFs per composite/well (400-fold magnification, Leica DMLB). Graduation was set to 3 -total invasion or penetration, 2 -mild invasion ( < half of total distance), 1 -superficial invasion ( < 20% of total distance) and 0 -superficial attachment.
Short-term preconditioning of acellular SynerGraft
® tissues
Decellularized cryopreserved stentless porcine pulmonary heart valve bioprostheses (SynerGraft ® Heart Valve, Model 700, CryoLife Inc., USA) were prepared following the manufacturer's thawing and rinsing instructions. The pulmonary artery part was removed supraannularly from the pulmonary valve and thereafter dissected in multiple parts of 1 cm 2 . For physical dry-freeze short-term preconditioning, the SynerGraft ® tissues were primarily incubated in bidistilled water at 37°C for 4 h with or without lyoprotectant sucrose (5%). Secondarily, tissues were dried for 10 min on a sterile compress in a laminar flow bench. Thereafter, tissues were slowly deep-freezed at -20°C for 2 h followed by deep-freezing at -80°C for 22 h and fast thawing in 37°C bath containing PBS at 1 h before sprayed cell seeding.
For chemical short-term preconditioning, the SynerGraft ® tissues were incubated in bidistilled water at 37°C containing either (1) sodium desoxycholate (0.5%-20%) and Triton-X (0.1%) for 30 min, (2) acetic acid (0.2 M, 10-60 min) followed by collagenase (0.1 U/L-1 U/L, 30-180 min; Clostridium histolyticum, 427 U/mg solid, P/N C-0130, Sigma-Aldrich) or (3) acetic acid (0.2 M) alone for 30 min. After every chemical preconditioning procedure washing was performed 10 times each for 10 min (twice in bidistilled water followed by 8 times in PBS). Tissues were stored overnight in PBS before sprayed cell seeding.
Manufacturing artificial polymer tissue equivalents
Artificial tissue equivalents of poly-L-lactic acid (PLLA, average molecular weight of 315,000 g/mol, Evonik Industries AG, Essen, Germany) and polyamide-6 (PA-6, density according to ISO 1183 1.12-1.15 g/cm 3 , BASF SE, Ludwigshafen, Germany) were produced employing the electrospinning method as described previously [57] . Square sheets (15 × 10 cm) were generated with random fiber alignment and 40-60 μm thickness. Experimental circular disc substrates (1.5 cm diameter, 1.77 cm 2 surface area) were automatically excised and thereafter disinfected in ethanol (100%) for at least 24 h. One hour before sprayed cell seeding tissue equivalents were hydrated through three times of washing in PBS.
Optimized adsorbent laminin biofunctionalization of PA-6 tissue equivalents
Primarily, we tested the adhesion progress of HUVECs in response to an optimized adsorbent laminin 1 (α1β1γ1, Engelbreth-Holm-Swarm murine sarcoma, Sigma-Aldrich) coating on 96-well plates. Well plates were incubated overnight with 0, 1, 2, 4 or 10 μg/mL ( = μg/cm 2 ) laminin 1 (n = 6 wells per laminin 1 concentration). After removal of supernatant, 37,000 cells per well (approximate cell density 1 × 10 5 cells/cm 2 ) were incubated dynamically in EGM-2 medium at 37°C on a circularly moving shaker (1 cycle per Following these analyses disinfected and hydrated PA-6 tissue equivalents underwent superficial adsorbent laminin 1 biofunctionalization through overnight incubation with 4 μg/mL ( = 4 μg/cm 2 ) laminin 1 ( = L-PA-6 substrates) directly before sprayed cell seeding with EC-Fib. Following in-vitro conditioning cellularized L-PA-6 substrates were controlled against cellularized PA-6 and PLLA substrates.
Physical characterization
Polymer tissue equivalents were tested before sprayed cell seeding (PA-6 and PLLA) and after 14 days (L-PA-6, PA-6 and PLLA) of in-vitro cultivation with EC-Fib (n = 5 for each set up). Substrates were analyzed with uniaxial tensile strength tests. Following drying in vacuum oven at 40° Celsius, samples were immersed in physiological saline at 37°C and mechanical force was analyzed with a Zwicki ZN 2.5 (Zwick, Ulm, Germany) as previously described [58] . Tests were performed with a 50 N load cell and a crosshead speed of 12 mm/min. Physical characterization was controlled against porcine native aortic and pulmonary valve cusps from female pigs (age 6-8 months, weight 110-122 kg) provided from Leibniz Institute for farm animal biology (Dummerstorf, Germany). The specimens were removed and tested with uniaxial tensile tests along the main fiber alignment within 1 h after the tissue was harvested.
Scanning electron microscopy
Randomly selected polymer tissue equivalents were qualitatively analyzed before, at 24 h and at 14 days after sprayed cell seeding. We applied a variable pressure scanning electron microscope (SEM, XL30 ESEM, Philips, Eindhoven, The Netherlands) with sputter-coating. The samples were fixed on aluminum trays with conductive tape. The microscopic investigations were carried out in the ESEM mode (0.8-1 mbar, accelerating high voltage 10-15 kV, detector distance of 10 mm).
Immunohistochemistry
After 14 days of in-vitro static conditioning, tissues and polymer tissue equivalents were snap frozen in liquid nitrogen and analyzed in cross sections (6 μm thickness, n = 6 per substrate). Cell density was examined following DAPI staining for biological tissues or DAPI Vectashield (H-1200, Vector Laboratories) staining for polymer substrates and fluorescence microscopy (100 or 200-fold magnification, 15 HPFs per cross section, Leica DMLB). Results were expressed as cells per mm 2 . For biological tissues we in addition provided the ratio of recellularized surface area to entire surface area (in%).
For analyses of basement membrane protein expression and organization (intensity, localization, distribution, orientation), immunostainings were executed with rabbit anti-laminin 1+2 (Abcam, UK; ab7463), rabbit anti-integrin beta 1 (Abcam; ab52971), rabbit anti-collagen IV (Abcam; ab6586) or rabbit anti-fibronectin (Abcam; ab2413) primary antibodies and followed by Vectastain Elite ABC-Kit that applies a biotinylated anti-rabbit secondary antibody (VEC-PK-6101, Vector Laboratories Inc. USA). ImmPACT NovaRED (VEC-SK-4805, Vector Laboratories) was applied for visualization of primary antibody binding. The sections were counterstained with Hematoxylin QS (H-3404, Vector Laboratories). Sections were analyzed qualitatively with light microscopy (400-fold magnification, Leica DMLB) and controlled against negative and positive controls. Positive controls from porcine native aortic and pulmonary valve cusps were provided from Leibniz Institute for farm animal biology (Dummerstorf, Germany).
Real-time reverse-transcription polymerase chain reaction (PCR)
After 14 days of in-vitro static conditioning, tissues and polymer tissue equivalents were snap frozen in liquid nitrogen. Total RNA was isolated from substrates following the instructions of the TRIZOL ® Reagent (Life Technologies, Germany) including DNase treatment and followed by reverse transcription for cDNA synthesis (High Capacity cDNA Reverse Transcription Kit, Life Technologies) and detection with NanoDrop1000 (Thermo Scientific, Germany).
TaqMan gene expression assays were performed with the StepOnePlus™ Real-Time PCR System (Life Technologies) as previously described [59] . cDNA extracts were tested in duplicates and negative controls were included in each assay. Cycle thresholds (C T ) of human target genes (see supplemental Table S) were determined with StepOne™ Software 2.0 (Life Technologies) and normalized against GAPDH housekeeping gene (formula: ΔC T = C T target -C T GAPDH ).
Further, the human "Cell Junction Pathway Finder" RT 2 Profiler PCR array (PAHS 213-Z) and was applied according to the manufacturer's protocol (SA Biosciences, Qiagen, Germany) with the RT 2 qPCR mastermix. The "RT 2 Profiler PCR Array Data Analysis Template" v4.0 (SA Biosciences, Quiagen) was used to analyze PCR data. C T values of target genes (see PAHS 213-Z) were normalized against HPRT1 housekeeping gene (formula: ΔC T = C T target -C T HPRT1 ). The 2 -ΔCT method was applied to show expression level of target genes. 2 -ΔCT values above 1 were considered to demonstrate substantial expression of specific RNAs.
Data analysis
Quantitative analysis of the data is provided for the quality assessment of EC-Fib group in comparison with EC-PRF group. Statistical analyses testing the effect of the between-subject factor (group) were performed using Sigma Stat software version 3.5 (SPSS Inc., Chicago, IL, USA) as far as appropriate. Comparisons of the groups were performed by using the one-way analyses of variance (ANOVA) method that applies post-hoc multiple Holm-Sidak tests, and by using the nonparametric Kruskal-Wallis (failing normality) or post-hoc multiple Dunn tests. p-Values < 0.05 were considered statistically significant.
Quantitative and qualitative analysis of the data is provided for the descriptive characterization of the endothelialization, basement membrane and cell junction development of tissues and tissue equivalents. Non-statistical comparisons testing the effect of the betweensubject factor (group) were performed as far as appropriate. Results in the manuscript are expressed as mean±standard deviation (SD).
